Dietary essential fatty acids may affect larval skeletal formation. The aim of this study was to compare effects on growth and osteological development of dietary docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) being incorporated in the phospholipid (diets PL1 and PL3) or in the neutral lipid (diet NL1) fraction of the larval diet for Atlantic cod (Gadus morhua). The diets were labelled according to the estimated percentage of total n−3 fatty acids contained in the dietary neutral lipid (NL1-1.3% of dietary dry matter) or in the phospholipid fraction (PL1-1.1% and PL3-2.3%). Larvae were weaned to the isoenergetic and isolipidic microdiets from 17 days post hatching (dph). They were co-fed enriched rotifers until 24 dph and received thereafter only the experimental diets until 45 dph (at 12 °C).
The aim of the present study was to compare effects on growth and osteological development 104 of dietary DHA and EPA being incorporated either in the phospholipid (PL) or in the neutral 105 lipid (NL) fraction of the larval feed for Atlantic cod (Gadus morhua), and to study effects of 106 different n-3 HUFA levels in the dietary PL fraction. The experimental design was based on 107 cod larvae fed isolipidic and isoproteic microdiets from 17 dph until 45 days post hatch. 108 109
Materials and methods

111
Larval rearing. 112
Atlantic cod eggs were received 2 days before hatching from a commercial hatchery. They 113 were disinfected in a seawater solution of 400 ppm glutaraldehyde for 5 minutes (Salvesen 114 and Vadstein 1995) before transfer to 160 l cone bottomed tanks at densities of 150 egg l -1 . 115
After hatching, the temperature was gradually increased from 7.5 to 12°C within 6 days and 116 was maintained at 12°C ± 0.2°C throughout the experiment. Water exchange was gradually 117 increased from 0.1 l min -1 to 0.9 l min -1 , and the larvae were reared under continuous light 118 conditions (40 W bulbs). 119 dilution rate of the cultures (Olsen et al., 1993; Olsen, 2004) . The rotifers were long term-122 enriched with Baker's yeast supplemented with 10 % of the marine lipid emulsion "Marol E" 123 (produced by SINTEF Fisheries and Aquaculture, Norway; Wold et al., 2008a) . 124
125
Cod larvae were fed rotifers three times every day from 3 dph. The feed density was 3000 -126 5000 individuals L -1 until 4 dph, and then increased to 5000-7000 individuals L -1 from 5 dph. 127
Algal paste (Nannochloropsis sp.; Reed Mariculture, Campbell, California, USA) was added 128 from 2 dph until the end of the rotifer phase in a concentration of 2 mg Carbon L -1 three 129 times a day. From 17 to 24 dph, there was an overlap between rotifers and formulated diets 130 with a gradual reduction in the amounts of rotifers. From 24 dph, cod larvae were fed 131 formulated diets exclusively. Small amounts of the formulated diets were fed manually to the 132 larvae (0.15 g x 10) on day 17 to start weaning. On 18 dph, 3 g day -1 of formulated diets were 133 added using continuous automatic belt feeders, gradually increasing the amount of feed added 134 per day to each tank to 10 g from 31 dph. A pellet size of <200 lm was used from 17 to 30 135 dph with an increase to 200-400 lm from 30 dph. An overlap using a mixture of both pellet 136 sizes was conducted from 30 to 36 dph. 137
Each treatment was run with three replicate tanks. Mortality was registered daily from 18 dph. 138
The experiments and treatment of all larvae were conducted according to the 139 Norwegian "Animal Protection Law". 140 141
Experimental treatments. 142
Three isoproteinic and isolipidic diets, which varied in lipid class composition were used 143 (Table 1 ; see also Gisbert et al. 2005) . The diets were labelled according to the estimated 144 percentage of n-3 fatty acids contained in the neutral lipid (NL1) or in the phospholipid 145 fraction (PL1 and PL3) of the diets. In the PL3 and PL1 diets, marine lecithin was 146 incorporated in two different levels into the diets in an inverse relation to soybean lecithin, 147 whereas NL1 contained only soybean lecithin as the PL source and marine TAG (cod liver oil) 148 (Table 1) . PL1 and NL1 diets had comparable EPA and DHA levels, either in the 149 phospholipid (PL1) or in the neutral lipid (NL1) fraction. The PL3 diet contained twice the 150 amount of EPA and DHA in the PL fraction compared to PL1 (Table 1 to Balon (1985) . Fixed larvae were rinsed twice in distilled water for 5 min, dehydrated in 207 ethanol (95%, 75%, 40%, and 15%, 30 min each) and rinsed in distilled water for 30 min. To 208 remove pigments, larvae were bleached until transparent in a 1:9 ratio of 1% KOH and 209 hydrogen peroxide (30% H 2 O 2 , 10 min to 2h) under strong illumination. Larvae were then 210 cleared using trypsin (T7409, Sigma, USA) dissolved in 0.3% borate buffer for up to 20h until 211 all muscle tissue was transparent. Following trypsin treatment, larvae were stained for 212 calcified structures by immersion in a 1% KOH solution with a few drops of an alizarin red 213 solution to obtain a deep purple colour. Two photos of each larva were taken before the larvae 214 were individually stored in plastic trays in 100% glycerine with a few crystals of thymol 215 (gradual transfer to 40, 70 and 100% glycerine). 216
217
The remaining fixed larvae were stained in Alcian blue (8GS(8GX), USA) and Alizarin red 218 following the staining procedure used by Balon (1985) , with the addition of a neutralization 219 step to increase the pH after staining in Alcian blue (after Gavaia et al., 2000) . The 45 dph 220 larvae from this group were analysed for fin ray development (18-22 larvae per treatment). 221
All stained larvae were examined for occurrence of osteological abnormalities. column elements undergoing ossification, fin ray counts, swim bladder size and incidences of 238 malformations were tested for homogeneity of variances using a Levene test. To compare 239 means, the group data were statistically tested using one-way ANOVA followed by a 240 Student-Newman-241 Keuls-Test. When variances were not homogenate; a non parametric Kruskal-Wallis test was 242 accomplished. 243 244 stepwise regression was used to find the best sigmoidal fit to the larval standard length of the 246 three groups. Expected values were calculated using the sigmoidal, and the residuals were 247 calculated as the difference between the expected and observed value. The residuals of 248 ossifying elements were compared between the three feeding groups, using using one-way 249 ANOVA followed by a Student-Newman-Keuls-Test. If significant differences were not 250 found, larval ossification process was grouped according to larval standard length intervals 251 (6.5 -7.49 mm, etc) and was tested for differences using one-way ANOVA followed by a 252
Student-Newman-Keuls-Test. Differences and effects were considered significant at P < 0.05 253 for all tests. All statistical analysis was performed using the software SPSS 15.0 for Windows. 254 255
Results
257
Larval growth and survival 258
At the end of the experiment (45 dph), the mean dry weight of PL3-(2.67 + 0.7 mg) and PL1-259 larvae (2.78 + 1.4 mg) were significantly higher than for the NL1-larvae (2.17 + 0.1 mg), as 260 showed in Figure 1 . The mean daily weight increase (DWI) for the experimental period 17 -261 45 dph was 9.1 -10.1 % per day for all treatments, and between 8.3 -8.9 % per day from 262 hatching and to 45 dph, with no significant difference between the groups (Table 2) . Survival 263 during the dry feed period did not differ significantly between treatments on 45 dph, being 264 12.2 ± 0.5 % for PL3-larvae, 12.8 ± 3.5 for PL1-larvae and 15.7 ± 4.5 for NL1-larvae. 265
Fatty acid composition 267
The PL3 diet (Table 3) , which contained the highest amount of marine lecithin, had a 268 significantly higher content of DHA than the other diets (15% of total fatty acids), whereas 269 the EPA-content of diet NL1 was higher than in any of the other diets. The DHA/EPA ratio 270 of PL-diets was 1.8-2.0, with a lower value of 1.1 for the NL1-diet, and the EPA/ARA ratio 271 was higher in NL1 (10.2) compared to the PL-diets (6.8 -7.3). 272
273
The fatty acid composition of the cod larvae on 45 dph reflected the dietary content (Table 3) . 274
Larval DHA-content ( Figure 2a ) at the end of the rotifer stage (17 dph) was about 15 mg/g 275 dry weight (19% of total fatty acids). The DHA content increased significantly up to 45 dph 276 in the PL3-group, and the PL3-larvae had a significantly higher DHA-content than the other 277 larvae on both 35 and 45 dph. No differences in DHA-content was found between the PL1-278 and NL1-larvae, and no quantitative differences were found between any larval groups in 279 EPA-or ARA-content at the end of the experiment (Figure 2 b,c) . 280
281
The DHA/EPA ratios were 3.8 -3.9 in the PL-larvae, and 2.5 in larvae fed the NL1-diet, and 282 EPA/ARA ratios were 5.9 for the NL1-larvae and 4.3 -4.6 in PL-larvae (Table 3) . Larvae fed 283 NL1-and PL1-diets had higher contents of n-6 HUFAs than the PL3-larvae, and the ratio of 284 n-3/n-6 was significantly higher for PL3-larvae than for NL1-and PL1-larvae (Table 3) . 285
Ossification of the spinal column elements 286
In larvae sampled for bone development, no differences were found in mean larval standard 287 length on any sampling day between the dietary treaments ( Table 4 ). The first signs of 288 vertebral ossification was observed in 21 day old larvae from all treatments (Table 4) , and 289 ossification of all vertebral elements and fin rays were observed on 45 dph in the largest 290 larvae in all treatments (Fig. 3) . 291
An overview of the age related ossification and mean size of larvae is given in Table 4 . The 293 first elements of the vertebral column to undergo ossification were the neural arches. 294
Ossification of these structures was observed from 21 dph. Ossification of the vertebrae began 295 in larvae ≥ 7.8 mm SL from 25 dph, and ossification of haemal arches was first observed in 296 31 dph larvae (≥ 8.1 mm SL). The ossification process increased rapidly between 25-45 dph, 297
and large variations in numbers of ossifying neural and haemal arches and vertebrae were 298 especially found in all larval groups on 31 and 35 dph. On 31 dph, the mean SL of stained 299 larvae from all treatments were similar (8.4-8.5 mm), and PL3-larvae had a significantly 300 higher mean number of ossifying neural arches and vertebrae than the NL1-larvae, with PL1-301 larval values in between these groups (Table 4) . A marked age related delay in ossification 302 was thus observed in the NL1-larvae. After 31 dph, no difference was found in age related 303 ossification of the vertebral column elements (Table 4) . 304
305
A size related comparison of the development of ossifying structures demonstrated a size 306 dependent and rapid increase in ossification of larvae > 8 mm SL for all treatments (Fig. 4) . 307
Ossification of neural arches was observed in larvae from 6.9 -8.6 mm SL, and all fifty pairs 308 could be observed in larvae from 11.1 mm SL (Fig. 4a) . Normal larvae had straight vertebrae 309 during the ossification process, and ossification of all fifty vertebrae was observed in the 310 largest larvae (≥ 12.0 mm SL) from all treatments on 45 dph (Table 4 ; Figs 3 and 4b). 311
Ossifying haemal arches were observed from 8.1 mm SL, and complete ossification of all 31 312 haemal arches was observed in larvae ≥ 10.6 mm SL (Fig. 4c) . 313
314
The best fit curve found was the Gompertz growth curves (Fig. 4) , which also demonstrated a 315 tendency of higher variation and slower size related ossification of all vertebral elements in 316 neural arches at 9 mm SL, the same was observed in NL-larvae only from 12 mm length (Fig.  318   4a) . Likewise, 90 % of the PL-larvae underwent ossification to forty vertebrae at a range of 319 8.2 -11.4 mm SL, whereas larvae fed NL1 diet reached this stage at the size interval of 8.4 -320 11.8 mm SL (Fig. 4b) . Larvae in the PL-groups reached ossification of 11 haemal arches 321 mainly in larvae from the PL groups at 8.2 -9.7 mm SL, whereas the same stage was seen in 322 a much wider size range in larvae fed NL1 (8.2 -11.4 mm SL, Fig. 4c ). No significant 323 differences in the ossification process were found between PL-and NL-larvae using the 324 residuals of ossifying elements in the Gompertz models (p>0.05), mainly due to the large 325 variation in larvae from the NL1-group. 326 327 Comparing development of ossifying vertebral elements in larval size intervals (Fig. 5)  328 demonstrated further the tendency to slower size related ossification in the NL1-larvae, 329 especially between 8.5 -11.5 mm SL. However, large individual variations were observed, 330 and only ossification of the haemal arches showed a significantly slower development in 331 NL1-larvae than in the PL-larvae (p<0.05; Fig. 5c ). 332 333 Ossification of parapophysis was first observed in 35 dph larvae (> 8.7 mm SL) reaching full 334 ossification in the largest 45 dph larvae (Table 4) . No significant differences were found 335 between the diets. 336 337 Development of fin rays on 45 dph (Fig. 3) was significantly more advanced in larvae fed 338 PL3 compared to PL1 and NL1 larval groups (Table 5 ). The fin ray development was 339 correlated to the larval size in all treatments, and small larvae from all groups had lower 340 number of fin rays than bigger larvae (Pearson correlation, p<0.01). However, the PL3 larvae 341 the NL1 group, the caudal and 1 st dorsal fins had the most variable ray numbers. Some of the 343 larvae from this group had not yet developed rays in the 1 st dorsal fin, and at the end of the 344 experiment the NL1 larvae also had lower mean caudal fin ray numbers compared to the 345 larvae fed PL. 346 347
Incidences of malformations and types. 348 349
No significant difference was found between the groups with respect to the incidences of 350 malformations at any sampling day. No skeletal abnormalities were observed on 1, 10 and 13 351 dph, and very low malformation rates were seen until 35 dph (Fig 6a) . Skeletal 352 malformations were found in 11 % (all groups pooled) of the larvae on 45 dph, where 353 kyphosis and shortened vertebrae in the anterior part of the spine accounted for 81% of the 354 total observed malformations (Figs. 6b, 7a, 7b ). Very few larvae with scoliosis and lordosis 355 (Figs. 6b, 7b) , and only one larvae with cephalic malformation (jaw deformity) were observed. 356
In addition to spinal malformations, deformities of fin rays and pterygiophores were found in 357 6 % of the larvae on 45 dph. 
Discussion
368
The most important aim of this experiment was to compare possible effects of essential 369 dietary fatty acids being incorporated in different lipid classes. We found that the n-3 HUFAs 370
were clearly more beneficial to larval growth and development when incorporated in the polar 371 phospholipid fraction (PL) than in the neutral lipid (NL) fraction, as demonstrated by higher 372 average dry weight of PL3-and PL1-larvae at the end of the experiment. Larvae fed PL diets 373 also showed a significantly faster ossification of the vertebral column compared to larvae fed 374 the NL diet, when measured both by larval size and by larval age. There was no significant 375 difference in spinal ossification between larvae from the PL1 and PL3 groups. In spite of the 376 difference in growth and skeletal development between NL1-and PL1-larvae, there were no 377 differences in the larval content of DHA, EPA, or ARA between these two larval groups. The 378 larval fatty acid composition clearly reflected the dietary composition, and the only major 379 difference in larval fatty acid composition was the much higher DHA content of PL3-larvae at 380 the end of the experiment. All diets contained the recommended value of 10% phospholipids 381 and n-3 HUFA contents were above that generally required in larval diets (Sargent et al. 382 1999) . Phospholipids constituted about 60-75% of the total lipid content in our diets, which is 383 in the same range as found in copepods (van der Meeren et al. experimental diets were within the same range. The DHA/EPA-ratios of these copepods 387 varied between 1.2 -2.8 (op. cit.), which shows that our diets were in the higher end of this 388 scale. We may therefore conclude that fatty acid metabolism and incorporation into cod 389 larval tissues may not only be partly determined by the levels of fatty acids available from the 390 diet (as reviewed by Sargent et al. 1999) , but that it is also strongly affected by the dietary 391 lipid source of the n-3 fatty acids. The high rate of normally developing larvae is probably due to our high quality enriched 457 rotifers, and is further indicating that the different experimental diets did not induce high 458 frequencies of malformations. Cod larvae in our experiment were mainly affected by 459 kyphosis and shortened vertebrae of the anterior part of the spine, while cases of jaw 460 malformation, lordosis and scoliosis were rarely found. n-3 PUFAs to growing male rats elevated EPA and DHA, but reduced ARA in various bone 498 tissue compartments , reduced ex vivo bone prostaglandin E2 production, and increased rates 499 of bone formation (Watkins et al. 2000) . Increasing dietary DHA also lowered the ratio of 500 18:2n-6 (linoleic acid)/n-3 in bone compartments, which favoured bone formation as well as 501 bone conservation in rats (Watkins et al. 2003; . Larvae fed NL1 and PL1 diets 502 contained relatively more n-6 HUFAs than the PL3-larvae, thus increasing the ratio of n-6/n-503 3. The better bone formation in all PL-larvae compared to NL1-larvae might thus be 504 explained by better availability of the n-3 HUFAs in the PL-diets, as the percentage of n-3 505
HUFAs was quite similar in both the NL1-and PL1-diets. 506
507
The high dietary content of phosphatidylinositol (PI) from 2 to 2.5% (see Table 1 ) could 508 explain the relatively low malformation rates and that no significant differences were found 509 between the groups in the present study of cod larvae. The content of PI in the three diets 510 were higher than recommended for sea bass (1.6%, Cahu et al. 2003a) and carp (Cyprinus 511 carpio) (1.3%, Geurden et al. 1998) , where this content resulted in only 2% of deformed 512 larvae. In sea bass larvae, where the same diets as used in the present study, were used from 513 the beginning of exogenous feeding, the PL1 and PL3 diets resulted in good larval growth and 514 survival, with low vertebral deformities, whereas similar levels of DHA and EPA 515 Villeneuve et al., 2005) . Higher levels of HUFAs also showed that retinoid pathways were 517 negatively influenced by dietary lipids, leading to skeletal malformation in the sea bass larvae 518 (Villeneuve et al., 2005) . 519 520 From our cod larval feeding experiment, using the same formulated diets as in Gisbert et al. 521
(2005) as an "Artemia replacement", we conclude that the essential n-3 HUFAs were more 522 beneficial for the cod larval growth and skeletal development when they were supplied in the 523 dietary polar phospholipids rather than in the dietary neutral lipids. Larvae fed the PL-diets, 524
with EPA and DHA in the PL fraction, showed a faster ossification than larvae fed n-3 HUFA 525 in the neutral lipid fraction (NL1), and spinal ossification rate and fin ray formation related to 526 larval size were sensitive parameters for dietary osteological effects in cod larvae. Based upon 527 the results from larval fatty acid content and fin ray formation, we suggest that n-3 HUFA 528 requirements in cod larvae is higher than in the PL1 diet. However, further studies should be 529 Tables   726   Table 1 . Ingredients and proximate composition of the experimental microdiets. The diets 727 were similar to those used by Gisbert et al. (2005) , and further details of diet production, 728 composition and analyses of diet for lipid, protein, and ash content is described in that 729 publication (op. cit. Cod larval dry weight during the experiment (mean ± standard error of the means (s.e.), each point represents 45-67 larvae). Points with different superscript denote significant differences between dietary treatments (p < 0.05). "Co-feeding" represents the weaning period where larvae were fed enriched rotifers and increasing ratios of the experimental diets. The larvae were fed only experimental diets from 24 dph. 
